Cytoplasmic male sterility (CMS) is a cornerstone of hybrid production in many crops. In three-line hybrid systems, use of CMS, maintainer, and fertility restorer lines is necessary for production of hybrid seeds. Limited resources of CMS and low variation of CMS lines cause genetic vulnerability to pathogens. Therefore, diversifying the CMS sources is indispensible for a sustainable production system of hybrid seed. In this study, we attempted for the first time to transfer CMS into maintainer line Yosen B in restricted generations using the marker-assisted backcrossing (MABC) method. The resultant F 1 hybrid of IR68897 A/Yosen B cross was backcrossed to Yosen B, and CMS plants in each backcross generation (from BC 1 F 1 to BC 3 F 1 ) were selected based on phenotyping test and MABC. Molecular assessment of backcross progenies was conducted using a mitochondrial CMS-specific marker and 34 polymorphic nuclear simple-sequence repeat (SSR) markers in early generations (from BC 1 F 1 to BC 2 F 1 ) and was continued using 9 additional SSRs and 82 inter-simple sequence repeat (ISSR) markers in BC 3 F 1 . A MABC strategy could successfully recover the recurrent parent genome (RPG) in BC 3 F 1 generation, and decreased heterozygosity of final CMS plants. Restorability test with known wild-abortive restorer lines (viz. IR36 and IR24) showed that combination of Yosen A  IR24 could produce highly fertile F 1 hybrid. Evaluation of some important agronomic traits of the final CMS line (BC 4 F 1 ) at field condition showed that it was comparable to the original maintainer fertile counterpart. Phenotypic and marker-assisted selections could considerably decrease the time needed for full recovery of RPG so that final CMS line could show a high similarity to original fertile counterpart.
C
y topl asmic male sterilit y is mediated by mitochondrial genome and the interaction of mitochondrial and nuclear genes (Virmani et al., 2003) . More than 20 different CMS sources have been identified in rice (Oryza spp.), among them cytoplasm derived from wild rice (Oryza rufipogon Griff.) known as wild-abortive cytoplasmic male sterility (WA-CMS) has a sporophytic manner of inheritance (Virmani et al., 1998) . Therefore, this type of CMS has wide application in the production of new CMS lines in hybrid rice breeding programs (Komori et al., 2003; Zhang et al., 2002a) . Among different CMS sources, WA-CMS has higher frequency and hybrid rice seed production industry is dependent approximately 90% on this male sterility source (Zhang et al., 2002b; Raj and Virmani, 1987; Yao et al., 1997) . Cytoplasmic male sterility is the result of impaired effect or rearrangement of mitochondrial genome resulting into production of sterile pollens (Schnable and Wise, 1998; Yuan, 1992) . However, nuclear fertility restoration genes (Rf) can restore the fertility to the CMS line. Therefore, CMS-Rf systems are suitable tools for studying genetic interactions and cooperative function of mitochondrial and nuclear genomes . Production of hybrid seed rice is a profitable industry worldwide and is based on either a two-line system (including temperature-sensitive male sterility and photoperiod-sensitive male sterility) or a three-line system (CMS, maintainer, and restorer lines). The WA-CMS system is used for production of hybrid rice seed in most rice producing countries including China, Southwest Asia, India, and Iran (Virmani et al., 2003; Ahmadikhah, 2009a) . The CMS line is more important than two other lines (maintainer and restorer lines), because it is crossed with two other lines. The maintainer line is similar to the CMS line, but instead of having a sterile cytoplasm, it has a normal fertile cytoplasm, and therefore, it can produce seed via self-pollination. Another line used in hybrid seed production programs is called the restorer of fertility that has dominant genes for fertility restoration. When the restorer line is crossed with the CMS line, the produced F 1 hybrid will be fertile. As a result, restorer genes in the form of dominant homozygous (RfRf) or heterozygous (Rfrf) causes F 1 hybrids to be fertile regardless of being sterile or normal cytoplasm (Virmani et al., 2003) .
Backcross breeding is a known method of transferring a target trait from a donor line into the genetic background of a recipient elite line. The purpose of repeated backcrosses with the recipient parent is to increase the contribution of the RPG in progeny. Although this breeding method is useful for transferring of favorable alleles from donor parent to recipient parent, there are two major drawbacks of the common backcross method: (i) the large number of backcrosses and, thus, long time necessary to achieve the introgression objective and (ii) the simultaneous transfer of other genes flanking the gene of interest from the donor parent (linkage drag). Therefore, breeders do not have any direct control over the size of this area or the recombination rate (Semgan et al., 2006) . However, in the case of the CMS trait, breeders do not need to conduct the marker-assisted selection (MAS) for targeting CMS and hence, the foreground selection step is omitted in backcross generations because CMS is transferred from its donor into recipient parent by first cross based on the fact that this trait has a maternal inheritance (Herzog and Frisch, 2013) .
Marker-assisted selection is based on linkage disequilibrium between marker and quantitative trait locus (QTL), and hence, this method is simple, fast, cheap, and very effective compared with phenotypic selection (Hospital, 2009) . Marker-assisted backcrossing, as a typical instance of MAS, was first introduced as a recurrent parent in corn (Zea mays L.) to transfer drought resistance to a sensitive line (CML247). Authors reported that after two backcrosses and two self-pollinations, 60 restriction fragment length polymorphism markers with proper distribution throughout the genome were used to recover RPG in all chromosomal areas except for target region (Ribaut and Ragot, 2007) . In the MABC method, molecular markers are used to facilitate selection of individuals forming the parents of next generation. These markers are clearly not influenced by environment and they can be detected in all stages of plant growth (Semgan et al., 2006) . Marker-assisted backcrossing is preferred relative to traditional backcross in the following cases: (i) phenotypic selection is expensive, difficult, or impossible; (ii) the given trait has a low heritability and is affected by environment; (iii) the given trait occurs in the final stages of plant development; (iv) the given trait has recessive inheritance; or (v) when several genes must be pyramided in an elite line (Han et al., 1997) . For example, breeding for quality of barley (Hordeum vulgare L.) malt as a polygenic trait with low heritability and being expensive the malting test became well possible via MABC (Han et al., 1997; Koebner and Summers, 2003) . Using markers, one can detect target genes and accelerate recovery of RPG in all chromosomal regions except for the target gene; hence, this type of selection is known as background selection (Bouchez et al., 2002) . The success of this method depends on the experimental design, position and density of markers, population size, and selection strategy (Frisch and Melchinger, 2005) .
At least two generations of backcrossing is required in case of very short distances between molecular marker and the gene of interest (Hospital, 2001) . Bai et al. (2006) reported that only three backcrosses were sufficient to recover 98% of RPG. Bhowmik et al. (2007) assessed 11 rice genotypes by SSR markers to evaluate their salt tolerance in seedling and flowering stages, and cultivars with similar patterns to Pokkali (salt-resistant cultivar) were selected as salt-resistant genotypes. Consequently, microsatellite markers RM336, RM253, and M7075 were found suitable to identify salt-resistant cultivars in rice and for QTL analysis. More recently, Saltol QTLs were transferred using MABC method into an elite rice variety of Vietnam . One of the applications of molecular markers in improving the rice quality was the use of a specific marker for amylose content (AC) in the Wx locus. Due to the use of this marker for decreasing the expression of the AC gene, cooking quality of indica hybrid rice was improved . Sub1-linked markers were successfully used for transferring genomic region carrying Sub1 into the commercial cultivars and several submergence-resistant varieties were developed (Neeraja et al., 2007) . More recently, using the MABC strategy, Sub1 QTL was transferred into elite rice varieties of Vietnam and a few submergence-tolerant lines were developed (Lang et al., 2011; Cuc et al., 2012) . Suh et al. (2011) incorporated resistance gene to brown plant hopper, Bph18, into an elite susceptible japonica cultivar using the MABC method. More recently, Varshney et al. (2014) transferred resistances to fusarium wilt and ascoshyta blight using the MABC technique in an elite cultivar of chickpea (Cicer arietinum L. 'C 214') through three backcrosses and three subsequent rounds of selfing.
Limited resources of CMS and low variation of CMS lines causes genetic vulnerability. Therefore, to diversify CMS lines, breeders can transfer this character to the existing putative maintainer lines through repeated backcrosses. Previous work in our research group showed that Yosen B line has normal fertile cytoplasm rfrf genotype (Ahmadikhah, 2009a) and hence, is a putative maintainer line for cytoplasmic male sterility of wildabortive (WA) type. Thus, it can be potentially converted to a CMS line. However, this process needs repeated backcrosses (up to seven times) until full recovery of the RPG. Since this process is very time-consuming and recovery rate of the RPG based on phenotypic selection is not efficient (Young and Tanksley, 1989; Neeraja et al., 2007; Liu et al., 2006) , the MABC method must be used for accelerating the recovery rate of RPG in fewer generations. In contrast to gene introgression, for which donor segments around target genes have to be considered, background selection for CMS conversion focuses solely on recovery of RPG (Herzog and Frisch, 2013) . Therefore, the purpose of this study was to transfer CMS from IR68897 A line to Yosen B as a putative maintainer line, with the ultimate goal of application of the resultant final CMS line in hybrid rice seed production.
Material and Methods

Plant Material
In this study, Yosen B line, which is a potential maintainer line for rice WA-CMS (Ahmadikhah, 2009a) , was used as paternal recipient parent, and CMS line IR68897 A was used as maternal CMS-donor parent in first cross. In 2007, with the first cross between these lines, CMS of IR68897 A parent was transferred to F 1 generation. The first backcross was done between F 1 progeny and Yosen B line as recurrent parent in 2008. Further, three backcrosses in the next years were done based on pollen fertility test and MABC to obtain BC 4 F 1 plants.
Sampling and DNA Extraction
Leaf sampling for DNA extraction was performed at tiller stage. Genomic DNA from the young plant leaves of each backcross progeny, as well as parents, was extracted using cetyltrimethyl ammonium bromide (CTAB) method (Saghai-Maroof et al., 1984) with some modifications (Ahmadikhah, 2009b) . Controlling the quality and quantity of DNA was done by electrophoresis in 1% agarose gel.
Foreground Selection
Pollen fertility test from F 1 generation to BC 4 F 1 was performed via color staining by 1% solution of I 2 -KI. For this, five to six anthers from each panicle were selected and then crushed in 1% solution of I 2 -KI to stain pollen grains. Using a light microscope, staining of pollen grains was evaluated. Pollen grains in several areas of light microscope were evaluated so that each time 100 to 200 pollen grains were observed. Unstained pollens and dark-stained pollens were considered as sterile and fertile, respectively. Progenies of BC 1 F 1 to BC 4 F 1 were sown each year in May in northern Iran. A week before sowing, backcross plants and the Yosen B paternal parent were sown to overlap maximum anthesis.
A mitochondrial WA-CMS-specific marker developed by Rajendrakumar et al. (2007) (forward: 5-ACCTTTGGGCGATGGTT-3; reverse: 5-GGGTTTAGAGTCGCCAC-3) was used for validating the transfer of CMS from donor to F 1 hybrid and subsequent backcross progenies.
Background Selection and Marker Analysis
Due to successful application of molecular markers in selection programs for specific traits, in this study we used single locus SSR markers with codominant inheritance that is best suitable for recovery of RPG content in three early generations. One hundred SSR primer pairs were used to amplify the parents DNA (IR68897 A and Yosen B), 34 polymorphic SSR primer pairs were used to amplify the BC 1 F 1 progeny DNA. A sample of banding patterns of four SSR markers are shown in Supplementary Figure S1 . In BC 3 F 1 generation, nine additional SSRs and 82 ISSR markers (produced by eight single ISSR primers; Supplementary Table S1 ) were included in experiment to have a more precise estimation of RPG content of final CMS plants. Figure 1 shows the distribution of 43 polymorphic SSR markers on 12 rice chromosomes.
Polymerase chain reaction (PCR) mixture included 5 L of deionized water, 6 L PCR Master Mix (SinaClone Co.), 0.25 L of each primer (10 pg) and 0.75 L of DNA template (15 ng). Each reaction was prepared in a 0.2-mL tubes. The PCR amplification started at 93C for 5 min and continued for 35 cycles (each cycle included denaturation at 93C for 35 s, annealing at 55C for 30 s, extension at 72C for 1 min). Completing the synthesis was done at 72C for 7 min. The PCR products were separated by electrophoresis in 3.5% agarose gel and 1 TBE buffer containing 0.5 g ml −1 ethidium bromide. A molecular size marker (100 bp ladder) was used to determine the fragments size. DNA fragment bands became visible after staining by ethidium bromide and their photos were taken under ultraviolet light by a Gel-Doc system (Bio-Rad Laboratories, Inc.).
Banding patterns of SSR markers were evaluated on the basis of presence of recurrent parent (A) or donor parent (B) alleles (Hospital et al., 1992) . Progeny with two alleles (AB) was considered as heterozygote. The 10% quantile (Q10), the arithmetic mean and the standard deviation of the probability distribution of the proportion of recipient genome in the entire genome of backcross individuals, was determined in every backcross generation to measure RPG recovery. The Q10 values were included, as they allow inferences about the probability to reach a certain level of RPG (Herzog and Frisch, 2013) . In the case of ISSR markers (produced by eight ISSR primers, Supplementary Table S1), banding pattern was scored as 1 (existence of a specific band) or 0 (absence of a specific band). Data analysis was performed using Popgene32 software (Yeh et al., 1997) .
Restorability and Performance of Novel Cytoplasmic Male Sterility Line
Restorability of final CMS line was assessed by crossing it to two well-known WA restorer lines including IR36 and IR24. Pollen fertility test was conducted using 1% I 2 -KI solution. Seed setting of bagged panicles of two hybrids (CMS Yosen A  IR36 and CMS Yosen A  IR24) along with their parents was evaluated at heading stage at field condition in a randomized design with three replications. Performance of novel CMS line along with its parents (IR68897 A and Yosen B) was evaluated at field condition with three replications. Some important traits such as plant height, flowering star, panicle length, total number of kernels per panicle, tiller number, 100-kernel weight, and plant yield were measured at appropriate times.
Results
Foreground and Background Selection in BC 1 F 1
Pollen color-staining test in F 1 generation showed that the Yosen B paternal line was a potential maintainer line for CMS of WA type because the hybrid of this line and IR68897 A was male sterile. Further analysis with WA-CMS-specific marker (a 130-bp amplicon as expected) validated the transfer of CMS-form donor to F 1 progenies (Fig. 2) . Thus, the F 1 progenies were crossed with Yosen B to obtain the first generation of backcross (BC 1 F 1 ).
One hundred SSR markers were used for covering the rice genome to evaluate the similarity of BC 1 F 1 selected progenies to their parents. Thirty-four markers out of 100 showed polymorphism between recurrent and donor parents. The average homozygosity over 34 SSR loci was 48.2  0.95%, and, in contrast, average heterozygosity was 51.8  0.95% (Table 1) , which did not differ from the expected values (50% in the absence of marker selection in traditional backcrossing).
Pollen fertility test with I 2 -KI solution showed that only some backcross progenies (nearly 50%) were completely male sterile, so that only 24 completely sterile progenies were identified in BC 1 F 1 (Fig. 3) . Using CMSspecific marker confirmed the true CMS BC 1 F 1 progenies (Fig. 4) . This test confirmed that the CMS trait was transferred to the recurrent parent and hence, foreground selection was successfully conducted.
Based on banding pattern of 34 polymorphic SSRs, 24 BC 1 F 1 CMS plants placed into eight marker groups (Table 1 , Supplementary File S1). Evaluation of similarity between BC 1 F 1 plants and recurrent parent showed that among 34 polymorphic SSR markers, 13 to 22 of them in different BC 1 F 1 plants had exactly the same banding pattern of recurrent parent Yosen B and the remaining 12 to 21 markers had heterozygous banding pattern. Assessment of RPG content showed that average RPG content in BC 1 F 1 was 74.1  4.9%, and RPG content of different individuals in BC 1 F 1 varied from 69.1% (Progeny Group [PG] 1) to more than 82% (PGs 7 and 8) (Supplementary File S1). The Q10 value indicated that with a probability of 90% an RPG content >80.3% can be achieved in BC 1 F 1 and, as seen in Table 1 , RPG content of those plants in the two latter groups (82.4%) exceeded this threshold. Panicle sterility of the latter two CMS groups was 98.6 and 100%, respectively. Hence, based on background selection by SSR marker analysis and panicle sterility rate, PG 8 consisted of two single CMS plants that were selected (Supplementary Figure S2) and crossed to recurrent parent to form the seeds of the next generation, BC 2 F 1 (Fig. 5) . In these two plants, 22 SSR markers had similar banding pattern to the recurrent parent and only 12 markers remained heterozygote.
Foreground and Background Selection in BC 2 F 1
In the next generation (BC 2 F 1 ), 30 plants were established in the field and the pollen staining test showed that majority of them (27 plants) were extremely male sterile. Again, using CMS-specific marker confirmed the true CMS plants, background analysis with 12 SSR markers showing heterozygote banding pattern in preceding generation, was conducted. Based on 12 polymorphic SSR banding patterns, 27 BC 2 F 1 CMS plants were placed in 10 marker groups (Table 2, Supplementary File S2). Evaluation of similarity between BC 2 F 1 individuals and recurrent parent showed that among 12 polymorphic SSR markers, one to 11 of them in different BC 2 F 1 plants had exactly the same banding pattern of recurrent parent Yosen B and the remaining markers had heterozygous banding pattern. Considering 22 loci fixed in preceding generation, average RPG content was 90.7  3.3% which was higher than the expected RPG content (87.5% in the absence of marker selection in traditional backcrossing). Also, average homozygosity was 80.8  6.6% that was higher than the expected value (75% in the absence of marker selection in traditional backcrossing). Again, considering 22 loci fixed in the preceding generation, assessment of total RPG content carried by each BC 2 F 1 plant showed that the RPG content of different individuals in BC 2 F 1 varied from about 85.3 (PG 1) to 98.5% (PG 10) and average RPG was 90.7  3.3% (Table 2, Fig. 5 ). The Q10 value indicated that with a probability of 90% an RPG content >95.0% can be achieved in this generation and, as seen in Table 2 , RPG content of one single plant (98.5%) in the latter group exceeded this threshold. In the latter progeny, 11 SSR markers had similar banding pattern to recurrent parent and only one marker had heterozygote pattern. Hence, based on background selection by SSR marker analysis, this progeny (Supplementary Figure S2 ) was selected and crossed to recurrent parent to form the seeds of next generation (BC 3 F 1 ).
Foreground and Background Selection in BC 3 F 1
In the BC 3 F 1 generation, 50 plants were established in the field, and a pollen-staining test showed that majority of them (46 plants) were extremely male sterile. Further analysis using CMS-specific marker confirmed true CMS plants. One SSR marker that showed heterozygote banding pattern in BC 2 F 1 plus nine additional polymorphic SSRs markers were used for background selection. Based on banding patterns of the 10 SSR markers, 46 BC 3 F 1 CMS plants placed in eight marker groups (Table 3) . Evaluation of similarity between BC 3 F 1 individuals and recurrent parent showed that six to 10 of the markers in different progenies were fixed and the rest of the markers had heterozygote banding patterns. Considering 33 loci fixed in preceding generations (22 loci in BC 1 F 1 and 11 loci in BC 2 F 1 ), average homozygosity reached to 95.6  3.3%, and, in contrast, average heterozygosity was considerably decreased (4.4  3.3%). Average RPG content in BC 3 F 1 was 97.8  1.6% (Table 3 , Supplementary File S3). The Q10 value indicated that with a probability of 90%, an RPG content >99.8% can be achieved in this generation and, as seen in Table 3 , RPG content of four plants in the latter group (100%) were higher than this threshold. Therefore, four plants in the latter group were backcrossed to recurrent parent to produce final CMS line Yosen A. Regarding progression toward homozygosity at each locus over all assayed plants in each generation (Supplementary File S4), SSR markers RM131 and RM339 (on chromosomes 4 and 8, respectively) showed the highest fixation value (79.2%) in BC 1 F 1 generation, while several SSR markers on different chromosomes (including RM151 on chromosome 1, SSR061 on chromosome 2, RM173 and RM317 on chromosome 4, RM5841 on chromosome 10, and RM273 on chromosome 11) showed lowest fixation value (20-25%). Average homozygosity at all loci in BC 1 F 1 was 48.2  18.7%. In the BC 2 F 1 generation, RM159 and RM152 (on chromosomes 5 and 8, respectively) showed highest fixation value (66.7%). Interestingly, most SSR markers with a low fixation value in BC 1 F 1 , remained also unfixed in the selected plants of BC 1 F 1 and transmitted heterozygosity to BC 2 F 1 generation. Average homozygosity at all loci in BC 2 F 1 was 80.8  27.6%. In the BC 3 F 1 generation, the majority of SSR markers showed a high homozygosity (67-100%), with the exception of RM151 (52.2%) on chromosome 1. Average homozygosity at all loci in BC 3 F 1 was 95.6  10.4%. However, four selected plants in the BC 3 F 1 generation not only showed a complete RPG content, but also were completely fixed in 43 SSR loci (Supplementary Figure S2) .
Inter-Simple Sequence Repeat Analysis
To get an independent estimate of genomic selection by using SSR markers in preceding generations, we included an adequate number of ISSR markers (82 markers presumably with random distribution on the genome) in BC 3 F 1 . Based on ISSR analysis (Table 4 with more details in Supplementary File S5), BC 3 F 1 plants showed different banding patterns. For example, PG 1 (consisting of eight CMS plants) at 74 ISSR loci was similar to recurrent parent and PG 8 (consisting of four CMS plants) at 80 ISSR loci was similar to recurrent parent. Thus, using ISSR markers, average RPG content was estimated 93.0  2.8%, which did not differ from the expected value, although four selected plants in PG 8 contained 97.6% (80 out of 82 ISSR loci) similarity to recurrent parent. Also, the Q10 value indicated that with a probability of 90%, an RPG content >96.6% can be achieved in this generation, and, as seen in Table 4 , RPG contents of those plants in PG 8 were higher than this threshold. Altogether, based on two marker systems, average RPG content was 95.4  3.3% that was higher than the expected RPG content. Assessment of average RPG content carried by each BC 3 F 1 plant showed that the RPG content of different individuals in BC 3 F 1 varied from about 92.8 (PGs 1 and 2) to 98.8% (PG 8) (Table 4 , Supplementary File S5). Based on the Q10 value, an RPG content >98.1% can be achieved with a probability of 90% in this generation, and, as seen in Table 4 , RPG contents of those plants in PG 8 were higher than this threshold. Thus, the four CMS plants in latter group were backcrossed to Yosen B to produce BC 4 F 1 generation.
Restorability and Performance of Novel Cytoplasmic Male Sterility
The F 1 hybrids between novel CMS line and two known restorer lines (IR36 and IR24) showed that pollen and spikelet fertility of second hybrid (CMS Yosen A  IR24) was considerably higher than that of first hybrid (CMS Yosen A  IR36) (Fig. 6) . Evaluation of some important agronomic traits of the BC 4 F 1 final CMS line (Yosen A) showed that its plant height, panicle length, and flowering start were around the original line Yosen B, but its tiller number and total kernels per plant were slightly better than that of original Yosen B line (Table 5) .
Discussion
Conventional plant breeding is solely based on phenotypic selection of superior genotypes in segregating populations developed from crosses. Application of this methodology often encountered difficulties related mainly to genotype-by-environment interactions (Lang and Buu, 2008) . Furthermore, phenotype-based selections are often expensive, time consuming, or sometimes unreliable for particular traits such as male sterility and fertility restoration ability. Molecular MAS is an approach that has been developed to avoid the problems connected with conventional plant breeding, changing the selection criteria, directly or indirectly, from selection of phenotypes toward selection of genes. Molecular markers are unaffected by the conditions in which the plants are grown and are detectable in all stages of plant growth. Usefulness of a given molecular marker is dependent on its capability in revealing polymorphisms in the nucleotide sequence that allows exploiting this information to trace the genes or QTLs of interest within segregating progenies and make prediction about crossing and selection that will increase the efficiency of variety development. Molecular markers provide opportunities to map the given genes and accelerate the application of MABC breeding through the precise transfer of target genomic regions into the background of recipient parent (Jena and Mackill, 2008; Lewis and Kernodle, 2009 ). Inadequacy of phenotypic selection was noticed in previous reports, emphasizing inefficiency of traditional backcross method for full recovery of RPG (Yi et al., 2009) .
In the present research we used 43 polymorphic SSR markers for background selection, that is, 3.6 markers per chromosome, although they were not evenly distributed on the genome (Fig. 1) . However, as proposed by other researchers (Frisch and Melchinger, 2005; Herzog and Frisch, 2013) , genetic models with a shorter genome (such as rice) require fewer marker data points, so that two markers per chromosome (one marker per chromosome arm) is adequate for background selection, an issue that was a case in our research. Pan et al. (2009) used 47 markers (<4 markers per chromosome) in background selection to develop resistance to rice stripe virus, and Yi Table 2 . Cumulative recovery rate of the recurrent parent genome (RPG), homozygosity, and heterozygosity of BC 2 F 1 plants using 12 polymorphic single sequence repeat markers. Selected plants to produce next backcross generation are shown in boldface. In this research, we report the transfer of the CMS character to maintainer line Yosen B by using MABC program through only three backcrosses. Although in the case of CMS trait foreground selection can be eliminated from MABC process (Herzog and Fricsh, 2013) , we used both phenotypic evaluation (pollen staining and seed setting) and CMS-specific marker analysis for tracing the CMS from donor to F 1 hybrid and subsequent backcross generations (Fig. 4, 5) . In background selection, SSR evaluation revealed that before starting the selections, heterozygosity of BC 1 F 1 CMS plants was high (~51.8%) and RPG content averaged on 74.1%. In traditional backcrossing programs it is assumed that the proportion of RPG is recovered at a rate of 1 − (1/2) t+1 for each of t generations of backcrosses (Babu et al., 2004) . Thus, the expected recovery of the RPG after one generation of backcrossing would be 75.0%, a status that was observed in our work. However, any specific backcross progeny will deviate from this expectation (Ribaut and Hoisington, 1998) , as in our work we found a relatively wide range of RPG (69.1-82.4%) in BC 1 F 1 that this provided a desire condition for a precise selection. Young and Tanksley (1989) found an introgressed segments as large as 4 cM in tomato (Solanum lycopersicum L.) cultivars developed after 20 backcrosses (in absence of marker selection), and one cultivar developed after 11 backcrosses still contained the entire chromosome arm carrying the gene from the donor parent. In another study in which barley lines backcrossed for seven generations, the donor segments around the introgressed genes varied from about 1 to 14 cM (Bjørnstad et al., 2002) . Thus, due to these drawbacks of the phenotypic selection-based backcrossing we preferred to exploit a MABC strategy to completely recover RPG of Yosen B in restricted generations. For this, two single plants in BC 1 F 1 with highest RPG (82.4%) and highest pollen and spikelet sterility (100%) were selected and backcrossed to the recurrent parent. The SSR evaluation in the resultant BC 2 F 1 showed that only with one MABC round selection the RPG recovery was considerably improved (up to 90.7%, on average) and a single BC 2 F 1 plant was found that carried 98.5% of PRG. In the next generation (BC 3 F 1 ), average RPG based on SSRassisted selection reached 97.8  1.6% and, based on a Q10 value, four CMS plants (with a probability 90%) were found with complete recovery of RPG. However, when considering two marker systems, average RPG content was 95.4  3.3% and, based on Q10 value, an RPG content >98.1% could be attained with a probability 90% in this generation where RPG contents of only four CMS plants in PG 8 (that is 98.8%) were higher than this expectation. The 10% percentile of the empirical distribution of the RPG in the selected individual (Q10) is used as an estimator for the amount of RPG reached after selection in the tth backcross generation with a 90% probability. Compared with arithmetic means, the Q10 value has two advantages: (i) the skewness of the RPG distribution increases in advanced backcross generations; thus, Q10 values are more suitable than arithmetic means for comparison of skewed distributions; and (ii) inferences about the probability to achieve a certain goal can be made (Frisch et al., 1999) . The Q10 value has been widely used to compare selection strategies in the past two decades. Frisch et al. (1999) , Welz and Geiger (2000) , and Herzog and Frisch (2013) used Q10 values as a threshold for evaluating efficiency of different MABC schemes. When we compared the power of MABC and traditional backcrossing (TBC) strategies in view of RPG recovery and progression toward homozygosity, we found that MABC not only could assist RPG recovery but also could considerably increase the average homozygosity in each generation (Table 6 ). In view of progression toward homozygosity, before starting MABC in the base generation (BC 1 F 1 ), average estimated homozygosity was 48.2%, but marker analysis could identify two plants with a high homozygosity (64.7%), which was substantially higher than that of respective generation in TBC (50% in BC 1 F 1 in the absence of marker selection in TBC). In BC 2 F 1 , average homozygosity was estimated at 80.8%, and a single plant was identified with 97.6% homozygosity, which again was substantially higher than that of respective generation in TBC (75% in BC 2 F 1 of TBC). In the last generation of MABC, for evaluating the efficiency of RPG recovery with a higher precision, we entered in the selection program nine new SSR markers. In this generation, average homozygosity was estimated at 95.6%, and four plants were identified with 100% homozygosity, which was substantially higher than that of the respective generation in TBC (87.5% in BC 3 F 1 of TBC). Altogether, with one round of marker-based selection, the average gain of MABC over TBC (last columns in Table 6 ) was 5.8% and, with second round of selection, average gain of MABC over TBC was ~8.0%. Therefore, MABC could approach a complete recovery of RPG and highest homozygosity at the end of BC 3 F 1 generation, while in the absence of marker selection using TBC, with just seven backcrosses (BC 7 F 1 ) it would be expected to result in highest recovery of RPG and maximum homozygosity ( > 99%). Thus using a MABC program with regard to probability level of RPG recovery and maximization of homozygosity, we could save three to four generations of backcrossing and, hence, substantially decrease the needed time for converting maintainer line Yosen B to a CMS counterpart Yosen A. Yi et al. (2009) used MABC for transferring rice qualityrelated alleles from Basmati to Manawthukha and found that after four backcrosses and three subsequent selfpollinations (BC 4 F 4 ), final improved lines still harbored ~7% heterozygosity, presumably due to the use of a low ratio of markers per chromosome. In our research, in the BC 3 F 1 generation four CMS plants with high RPG (>98.0%) were identified and crossed to recurrent parent to completely recover the genome of the recurrent parent. By this cross, genome of Yosen B was recovered with high efficiency (based on Q10 thresholds), and hence, this novel CMS line is ready to be integrated in a rice hybrid seed production program.
----------------------------------% ----------------------------------
Our results, along with many other reports (Han et al., 1997; Koebner and Summers, 2003; Bai et al., 2006; Neeraja et al., 2007; Liu et al., 2006; Suh et al., 2011; Huyen et al., 2012; Cuc et al., 2012) , again confirmed the efficiency of MABC in recovery of RPG and considerable increasing of the homozygosity of final CMS line. To fully recover RPG content, the latter plants were again backcrossed to the recurrent parent. A restorability test with two well-known WA restorer lines (IR36 and IR24) revealed the possible production of hybrid seeds using Yosen A  IR24 combination. Evaluation of some important agronomic traits of the final CMS line (BC 4 F 1 ) showed that it was comparable to its fertile counterpart Yosen B. Now, this new CMS line can be used in rice hybrid seed production program.
Conclusion
In seed crops such as rice, CMS plus nuclear restoration of male-fertility in F 1 progeny is essential for large-scale production of hybrid seeds. The TBC method has yet to be used for development of most CMS rice lines. To our knowledge this is the first report on the use of MABC strategy for converting a putative elite maintainer line to a CMS line. Our results showed that three backcrosses facilitated by SSR and ISSR markers were sufficient to recover the RPG with high efficiency. Thus MABC greatly accelerated the efficiency of CMS development program and could save three to four generations of backcrossing. Finally, we were able to develop a novel CMS line comparable to the original maintainer counterpart maintainer line, which can be integrated in hybrid seed production program.
